OBJECTIVE: Visceral fat, notably mesenteric fat, which is drained by the portal circulation, plays a critical role in the pathogenesis of metabolic syndrome through increased production of free fatty acids, cytokines and vasoactive peptides. We hypothesize that mesenteric fat thickness as measured by ultrasound scan could explain most of the obesity-related health risk. We explored the relationships between cardiovascular risk factors and abdominal fat as determined by sonographic measurements of thickness of mesenteric, preperitoneal and subcutaneous fat deposits, total abdominal and visceral fat measurement by magnetic resonance imaging (MRI) and anthropometric indexes. DESIGN: A cross-sectional study. SUBJECTS: Subjects included 18 healthy men and 19 women (age: 27-61 y, BMI: 19-33.4 kg/m 2 ). MEASUREMENTS: The maximum thickness of mesenteric, preperitoneal and subcutaneous fat was measured by abdominal ultrasound examination. MRI examinations of whole abdomen and pelvis were performed and the amount of total abdominal and visceral fat was quantified. The body mass index, waist circumference and waist-hip ratio were recorded. Cardiovascular risk factors were assessed by physical examination and blood taking. RESULTS: Men had more adverse cardiovascular risk profile, higher visceral fat volume and thicker mesenteric fat deposits than women. Among all the investigated obesity indexes, the mesenteric fat thickness showed the highest correlations with total cholesterol, LDL-C, triglycerides, fasting plasma glucose, HbA 1c and systolic blood pressure in men, and with triglycerides and HbA 1c in women. On stepwise multiple regression analysis with different obesity indexes as independent variables, 30-65% of the variances of triglycerides, total cholesterol, LDL-C and HbA 1c in men, and triglycerides in women were explained by the mesenteric fat thickness. CONCLUSION: Compared with sonographic measurement of subcutaneous and preperitoneal fat thickness, MRI measurement of total abdominal and visceral fat and anthropometric indexes, sonographic measurement of mesenteric fat thickness showed better associations with some of the cardiovascular risk factors. It may potentially be a useful tool to evaluate regional distribution of obesity in the assessment of cardiovascular risk.
Introduction
There are now clinical and experimental evidence showing that visceral fat plays a critical role in the pathogenesis of the metabolic syndrome. Compared to subcutaneous fat and other deposits of abdominal fat, visceral fat, notably mesenteric fat, is more sensitive to the lipolytic effects of catecholamines to release more free fatty acid (FFA) which can induce insulin resistance. 1 Besides, visceral adipocytes secrete many cytokines and vasoactive peptides which have direct effects on the vasculature to increase cardiovascular risk. 2 In support of these hypothesis, epidemiological studies have also demonstrated the associations of anthropometric indexes such as body mass index (BMI), waist circumference (WC) and waist-hip ratio (WHR) with cardiovascular risk factors and diseases. [3] [4] [5] [6] Due to the more powerful predictive role of central over general obesity on cardiovascular diseases, magnetic resonance imaging (MRI), which does not involve ionizing radiation, is increasingly being used to quantify intra-abdominal fat and to differentiate visceral from subcutaneous fat. 7, 8 However, MRI examination is expensive and not easily available in most clinical settings. Ultrasound scan is a noninvasive method which can be used to image body fat without radiation exposure. To date, it has only been used to measure subcutaneous fat [9] [10] [11] and preperitoneal fat thickness. 12, 13 However, these fat deposits are not usually regarded as visceral fat drained by the portal system. 13 By contrast, mesenteric fat can be easily recognized by ultrasound scan, especially in obese subjects with thickened mesenteries. 14 This study aimed to investigate the relationships between mesenteric fat thickness and cardiovascular risk factors. We also compared the relationships between the latter and various abdominal fat deposits measured by ultrasound scan, intra-abdominal fat by MRI and anthropometric indexes.
Subjects and methods
In all, 37 healthy Chinese subjects were recruited (18 men and 19 women with a mean BMI of 24.9 kg/m 2 , range: 19-33.4 kg/m 2 ). All subjects had no known medical history and none was receiving medications. The study was approved by the Clinical Research Ethics Committee of the Chinese University of Hong Kong and all subjects gave informed written consent.
Ultrasound examination
All subjects underwent ultrasound examination of abdomen. An ATL HDI 5000 (CA, Bothell) with CL 4-7 MHz or CL 2-5 MHz curvilinear transducer was used for the study. A complete survey examination, with emphasis in the para-umbilical area, was performed in each subject with special attention to identify the mesenteric leaves ( Figure 1 ). The mesenteric leaves appeared to be elongated structures with highly reflecting peritoneal surfaces. It had high-level echoes in the periphery and small vascular structures (1-2 mm in diameter) could be seen within it. 14 The mesenteric leaves were divided from each other by specular echoes corresponding to their peritoneal surfaces. The mesenteries demonstrated no peristalsis, in contrast to small bowel loops attached to the distal end. 14 Not all the mesenteries could be visualized on the scan as some of them might be obscured by bowel gas. When different mesenteric leaves were visualized, the maximum thickness was measured. Usually 6-10 measurements were made on each ultrasound examination, and the mean of the three thickest mesenteric leaves was used for the analysis. Preperitoneal fat thickness was measured with modified criteria of Suzuki et al. 13 It was scanned longitudinally with L5-12 MHz linear transducer placed perpendicular to the skin surface and scanned along the midline of the abdomen, between xiphoid process and umbilicus. The maximum thickness of preperitoneal fat ( Figure 2 ) was measured three times and the mean value was taken for analysis. The Mesenteric fat thickness and cardiovascular risk factor KH Liu et al preperitoneal fat attached to the upper and lower edges of the liver was excluded in the previous study by Suzuki et al, 13 but was taken into account in this study because this would make the measurement more compatible with criteria of maximum thickness and more reproducible. The abdominal subcutaneous fat thickness was measured with the L5-12 MHz linear transducer transversely placed perpendicular to the skin in the midline of abdomen, between the xiphoid process and umbilicus. The maximum thickness of subcutaneous fat ( Figure 3 ) was measured three times and the mean value was taken. All ultrasound measurements of preperitoneal and subcutaneous fat thickness were made at the expiratory phase of quiet respiration. Application of the transducer on the body surface was done without undue pressure that would alter the body layer contour and thickness. A typical ultrasound examination would take about 5 min.
Reliability of sonographic measurements
Of the 37 subjects, 17 were examined by two experienced sonographers who did not have knowledge of the other operator's scanning results. The measurement of mesenteric, preperitoneal and subcutaneous fat thickness was made by each sonographer with the above-mentioned procedure. The interoperator and intraoperator reliability was assessed.
MRI examination
All subjects underwent MRI examination for the quantification of intra-abdominal fat. MRI was performed with the subjects supine in a 1.5 T imager (Gyroscan ACS-NT, Philips Medical System, Best, The Netherlands) with a body coil, T1-weighted Turbo spin-echo sequence, 15 repetition timeF250 ms, echo timeF8 ms, flip angle 901, field of viewF45 cm. Breath-hold consecutive images with slice thickness 15 mm were obtained from the diaphragm to pubic symphysis. All subjects were asked to fast for 2 h before the examination to decrease bowel peristalsis. From each cross-sectional MRI image, the area of fat was quantified by measuring the pixels above cutoff points established as minima between peaks of fat and soft tissues on signal intensity histograms. 15 Fat within bone marrow and paraspinal muscles were excluded from the measurement. Subcutaneous fat was defined as fat superficial to the abdominal and back muscles. Visceral fat was defined as the intra-abdominal fat bound by parietal peritoneum or transversalis fascia. Total intra-abdominal fat represented the summation of both subcutaneous and visceral fat. 15 The volume of total visceral fat in cm 3 was calculated by:
(summation of area of visceral fat in all slices in cm 2 ) Â 1.5 cm. 16 The volume of total intra-abdominal fat in cm 3 was calculated by: (summation of area of total intraabdominal fat in cm 2 in all slices) Â 1.5 cm. 16 The total number of slices included for quantification ranged from 21 to 28, depending on the body build of the subjects.
Clinical assessments
All subjects, wearing light clothing and no shoes, were weighed and their standing height was measured. BMI was calculated by body weight in kilogram divided by (body height in metre 2 ). WC was measured at the narrowest circumference between xiphisternum and umbilicus. Hip circumference (HC) was measured at the maximum circumference at the level of femoral trochanter. 17 WHR was calculated by WC divided by HC. After sitting for at least 10 min, blood pressure was measured using a standard mercury sphygmomanometer. The Korotkoff sound V was taken as the diastolic blood pressure. 18 All subjects had at least 12 h of fasting before blood taking for measurement of serum total cholesterol, high-density lipoprotein cholesterol (HDL-C), triglycerides, low-density lipoprotein cholesterol (LDL-C), plasma glucose, insulin and glycated haemoglobin (HbA 1c ). Insulin resistance was estimated using the homeostasis model assessment (HOMA) equation, 15 which simplifies to fasting plasma insulin-glucose product divided by 22.5.
Statistical analysis
Data are expressed as means7s.d. and nonparametric test was used for comparing all the mean values. A two-tailed P-value o0.05 was considered significant. Intraclass correlation was used to assess the reliability of sonographic measurements. Male and female subjects were separately analysed. Fasting plasma glucose, HbA 1c , systolic blood pressure in men were logarithmically transformed due to skewed distribution. Partial correlation analysis controlling Mesenteric fat thickness and cardiovascular risk factor KH Liu et al for age was used to examine the relationships among different variables in the entire sample. The stepwise multiple regression analysis was used to examine the variance in cardiovascular risk factors explained independently by each of the obesity measurement indexes. In each analysis, the three sonographic measurements of fat deposit thickness, three anthropometric indexes and two MRI-fat volume measurements were used as independent variables and one of the cardiovascular risk factors was used as the dependent variable. Statistical analysis was performed with the Statistical Package for the Social Sciences (SPSS) for windows, version 9.0.
Results
There were no significant differences in age and BMI between men and women, but men had higher WC and WHR than women. Men also had more adverse cardiovascular risk profile as shown by higher BP, HbA 1C , plasma insulin, HOMA, triglycerides and LDL-C, but lower HDL-C than women. The mean mesenteric fat was thicker in men than women, but there were no differences in the subcutaneous and preperitoneal fat thickness between both the groups. There was no difference in total intra-abdominal fat between men and women, but men had higher visceral fat volume than women ( Table 1 ). The sonographic measurements of different fat deposits showed good interoperator and intraoperator reliability, with intraclass correlation coefficients of mesenteric fat thickness ranging from 0.89 to 0.97 (Table 2 ). The correlation coefficients between mesenteric fat thickness and all cardiovascular risk factors were higher in men than women. The mesenteric fat thickness also showed higher correlations with most of these risk factors than preperitoneal and subcutaneous fat thickness ( Table 3) .
The total visceral fat volume determined by MRI showed higher correlation with most cardiovascular risk factors than the total abdominal fat volume (Table 3) . Among three anthropometric indexes, WC was generally a better correlate with cardiovascular risk factors in men, while BMI was a better correlate in women.
In men, among all the investigated obesity indexes (including ultrasound, MRI and anthropometric measurements), the mesenteric fat thickness showed the highest correlations with most of the lipid and glycaemic indexes, BMI showed the highest correlations with HDL-C, plasma insulin and diastolic blood pressure, while WC correlated best with HOMA value. In women, the mesenteric fat thickness showed highest correlations with triglycerides and HbA 1C , while the total visceral fat determined by MRI showed the best correlation with other cardiovascular risk factors. As in men, BMI showed the highest correlation with plasma insulin concentration in women.
Using stepwise multiple regression analysis with different obesity indexes as independent variables (Table 4) , mesenteric fat thickness was the major explanatory variable for increased triglycerides, total cholesterol, LDL-C and HbA 1c in men, and increased triglycerides in women. Subcutaneous fat thickness was the major explanatory variable for reduced 
Discussion
In agreement with other workers, 16, 19, 20 we have confirmed that men had more visceral fat, worse lipid and glycaemic control and higher blood pressure than women. Due to this gender difference, the results were analysed in men and women separately. This is the first study that examined the usefulness of sonographic measurement of mesenteric fat thickness in correlating with cardiovascular risk factors. High resolution real-time ultrasound allows good delineation of normal abdominal anatomy including the recognition of normal mesenteric leaves, especially when they are thick and contain fat. 14 In two separate studies that examined the sonographic appearances of small bowel mesentery in 30 healthy subjects, the thickness of the mesentery ranged from 7 to 12 mm 14 and from 5 to 14 mm, 21 irrespective of age or body habitus of the subjects. The mean mesenteric thickness in our subjects was 8.6 mm, ranging from 3.4 to 18 mm. We also showed that the measurement of mesenteric fat thickness had good intraoperator and interoperator reliability. Ultrasound is the only imaging method that can visualize individual mesenteric leaves. By contrast, MRI can only demonstrate the whole bulk of mesenteries, but cannot reliably differentiate omental, pre-and retroperitoneal from mesenteric adipose tissues.
There is now growing evidence showing that abnormal fat metabolism may be the culprit of insulin resistance syndrome and type II diabetes. Visceral fat, notably mesenteric fat, drained by the portal vein, is metabolically more active than subcutaneous fat. Visceral adipocytes are more sensitive to the lipolytic effects of catecholamines and are more resistant to the antilipolytic effects of insulin, leading to increased FFA production. The latter may lead to reduced fat oxidation and ectopic fat deposition in the liver and muscle which worsens insulin resistance by reducing peripheral glucose uptake. 1, 22 Besides, visceral adipocytes are known to produce a large number of cytokines and vasoactive peptides including interleukin-6, tumour necrosis factor a, angiotensin II, plasminogen activator inhibitor-I, etc all of which can increase cardiovascular risks. 2 In support of these hypotheses, we demonstrated the strong relationships between mesenteric fat and multiple cardiovascular risk factors compared to preperitoneal and subcutaneous fat deposits. Of note, mesenteric fat thickness in men showed better correlations with systolic blood pressure, most lipid and glycaemic indexes than anthropometric and MRI measurements. In women, mesenteric fat measurement also showed Given the relatively cheap, noninvasive, technically less demanding nature of ultrasound scan together with its good reproducibility, measurement of mesenteric fat thickness may potentially become a useful imaging tool in obesity research. Visceral fat usually shows greater responses than subcutaneous fat to interventional therapy such as changes in caloric intake or physical exercise. 23 Hence, serial measurement of mesenteric fat thickness may also be used to evaluate the efficacy of various treatment programmes. Nonetheless, findings from this pilot study will need to be confirmed in prospective studies involving larger population with different demographic features and cardiovascular risk profiles.
In conclusion, we have demonstrated the gender differences in cardiovascular risk profiles and fat deposits. We also confirmed the reliability of using ultrasound scan to measure mesenteric fat thickness. In men and to a lesser extent in women, mesenteric fat thickness was the main explanatory variable for most of the cardiovascular risk factors compared to the thickness of other fat deposits, anthropometric indexes and intraabdominal fat determined by MRI. Mesenteric fat thickness and cardiovascular risk factor KH Liu et al
